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Energy levels of nitrogen-vacancy centers in diamond were investigated using optically detected
magnetic-resonance spectroscopy near the electronic ground-state level anticrossing (GSLAC) at
an axial magnetic field around 102.4 mT in a diamond sample with a nitrogen concentration of
1 ppm. By applying radiowaves in the frequency ranges from 0 to 40 MHz and from 5.6 to 5.9
GHz, we observed transitions that involve energy levels mixed by the hyperfine interaction. We
developed a theoretical model that describes the level mixing, transition energies, and transition
strengths between the ground-state sublevels, including the coupling to the nuclear spin of the NV
center's 14N and 13C atoms. The calculations were combined with the experimental results by
fitting the ODMR spectral lines based on a theoretical model, which yielded information about
the polarization of nuclear spins. This study is important for the optimization of experimental
conditions in GSLAC-based applications, e.g., microwave-free magnetometry and microwave-free
nuclear-magnetic-resonance probes.
PACS numbers: 76.30.Mi,76.70.Hb,75.10.Dg
I. INTRODUCTION
Nitrogen-vacancy (NV) color centers in diamond crys-
tals currently are used in a broad range of applications.
They serve as qubits [1] or quantum-memory elements [2]
for quantum computers, or probes for various physical
quantities like magnetic field [3, 4], electric field [5, 6],
strain [7, 8], rotation [9–11] or temperature [12]. They
can also be used to detect the properties of electronic
and nuclear spins on the surface or in the interior of a
diamond crystal [13–16], such as substitutional nitrogen
(P1) centers [17–19], 13C atoms [17], and cross-relaxation
with other point defects in the diamond lattice [20]. The
presence and properties of other spin centers can be as-
certained by measuring longitudinal (T1) or transverse
(T2) relaxation times of the polarization of the NV cen-
ters’ ground-state electron spins.
For these applications it is crucially important to know
in detail the energy level structure of the NV center, in-
cluding its hyperfine structure, which arises from the in-
teraction of the electron spin with the nuclear spin of the
14N atom which is a part of NV center. One energy level
split by the hyperfine interaction interacts with another
energy level split by the hyperfine interaction. Near the
magnetic field values at which their magnetic levels cross
or have avoided crossings (e.g., GSLAC), this interac-
tion leads to strong hyperfine level mixing and alters the
transition probabilities that involve these mixed levels.
The interaction of NV centers with nearby 13C atoms
∗Electronic address: laima.busaite@lu.lv
†Electronic address: reinis.lazda@lu.lv
‡Electronic address: zheng@uni-mainz.de
and their polarization has been studied using electron
spin resonance at low magnetic fields and near the ex-
cited state level anti-crossing at 512 G [21]. It has been
shown by studying optically detected magnetic resonance
(ODMR) [22] signals that 13C nuclei adjacent to the va-
cancy can be polarized using only optical methods at spe-
cific values of the magnetic field near the GSLAC. The
hyperfine manifold and level anticrossings of the NV cen-
ter with the nuclear spin of 14N and 15N has been studied
in the presence of a magnetic field of several tens of gauss
transverse to the NV axis [23]. All-optical methods have
been used to study the hyperfine structure induced by
the interaction of NV centres with their nitrogen atoms
for the case of 14N and 15N [24], whereas the dynamic nu-
clear polarization of 15N as a function of magnetic field
was modelled up to the GSLAC [25].
In this study, we used the ODMR method to in-
vestigate the ground state ms = 0 −→ ms = ±1
electron spin transitions and to study the hyperfine
level structure of NV-center ensembles in the vicin-
ity of the GSLAC. We calculated the level structure
of these electron-spin states and the microwave-field-
induced transition strengths between these levels. Then
we used a parameter-optimization procedure to fit the
experimentally measured curves with the results of the
theoretical calculation. This fitting procedure yielded in-
formation about the degree of nuclear polarization of the
14N spin in the vicinity of the GSLAC. The theoreti-
cal model gave the relative intensities of the transitions
and, by adding coupling to 13C, made it possible to de-
scribe additional transitions in the measured signals. The
model applied a Monte Carlo approach to include the in-
teraction with 13C nuclei (which make up 1.1% of the
carbon nuclei) for those lattice positions out to a dis-
tance of 5 A˚ that have significant coupling.
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FIG. 1: (a) Level scheme for an NV center in diamond where mS is the electron spin projection quantum number, Dg and De
are the ground- and excited-state zero-magnetic-field splittings, ΩMW is the MW Rabi frequency, γ
g
0 and γ
g
±1 are the relaxation
rates from the singlet state 1E to the triplet ground state 3A2, γ
e
0 and γ
e
±1 are the relaxation rates from the triplet excited state
3E to the singlet state 1A1. (b) Levels of the NV center’s electron-spin magnetic sublevels in the ground state. (c) Hyperfine
level (|mS ,mI〉) anticrossing in the vicinity of the GSLAC. The degree of mixing near the GSLAC (denoted by the dashed
ellipses) is indicated by the relative admixture of the colors in each curve; the lines corresponding to unmixed states do not
change color.
II. HYPERFINE LEVEL ANTICROSSING IN
NV CENTERS IN DIAMOND
The NV center is composed of a substitutional nitro-
gen atom and an adjacent vacancy. It exists in different
charged states NV0 and NV−. In this work we focus on
the energy levels of the NV− and refrain from writing
out the charge state. The NV center has an electron spin
S = 1 in the ground state. There are both triplet and
singlet excited states as shown in Fig. 1(a).
In the absence of an external magnetic field the NV
center has a splitting between the ground-state magnetic
sublevels of the electron spin mS = 0 and mS = ±1 due
to the spin-spin interaction [26]. This zero-field split-
ting corresponds to 2.87 GHz in the 3A2 ground state
and about 1.41 GHz in the 3E excited state. If an ex-
ternal magnetic field B is applied along the NV axis, the
magnetic sublevels of the electron spin acquire additional
energy equal to
EmS = γeBmS , (1)
where γe = 28.025 GHz/T is the electron gyromagnetic
ratio, mS is the magnetic quantum number of the elec-
tron spin, and B is the magnetic field strength.
In addition to the electronic states, interactions with
nearby nuclear spins must be considered. In all cases,
the nucleus of the nitrogen atom associated with the NV
center interacts with the NV electron spin. The vast
majority (99.6%) of these nitrogen nuclei are 14N whose
nuclear spin is I = 1. Furthermore, although 12C nu-
clei have zero nuclear spin, some (∼ 1.1%) of the nearby
carbon nuclei are 13C with nuclear spin I = 12 . There
are interactions between the NV center and nearby P1
centers but we will not consider this interaction here.
3In this approximation the Hamiltonian for the NV cen-
ter in its ground state can be written as [17]:
Hˆ = Hˆel + Hˆ14N + HˆNV+14N + Hˆ13C + HˆNV+13C , (2)
where Hˆel = DgSˆ
2
z + γeB · Sˆ describes the ground state
of the NV center with electron spin S, gyromagnetic ra-
tio γe, and zero-field splitting Dg = 2.87 GHz; Hˆ14N =
QIˆ2z − γ14NB · Iˆ describes the 14N nucleus with spin I,
electric quadrupole interaction parameter Q = −4.96
MHz, and gyromagnetic ratio γ14N = 3.077 MHz/T;
Hˆ13C = Σjγ13CB · Jˆj describes 13C nuclei with nuclear
spin Jj and gyromagnetic ratio γ13C = 10.704 MHz/T in
the external magnetic field; HˆNV+14N = Sˆ·Aˆ· Iˆ describes
the hyperfine interaction of the NV center with the 14N
nucleus via the diagonal hyperfine interaction tensor Aˆ;
and HˆNV+13C describes the interaction of the
13C nu-
cleus and the NV center. The last term requires special
consideration, since the strength of the interaction de-
pends on the distance between the NV center and the
13C nucleus or nuclei and their relative orientation. In
this section we will describe the calculation of the energy
levels and interaction strengths without the HˆNV+13C or
Hˆ13C terms. In Sec. IV D we will discuss the effect of
adding in the interactions with 13C.
The matrix Aˆ is a diagonal hyperfine-interaction tensor
between the electron spin S of the NV center and nuclear
spin I of the 14N nucleus that belongs to the NV center,
Aˆ =
 A⊥ 0 00 A⊥ 0
0 0 A‖
 , (3)
where the hyperfine-interaction parameters are A‖ =
−2.14 MHz, A⊥ = −2.70 MHz. The values of the con-
stants are taken from [17] and references therein.
A crossing between mS = 0 and mS = −1 occurs when
the Zeeman splitting compensates the zero-field split-
ting at a magnetic field value of Dg/γe =102.4 mT [see
Fig. 1(b)]. Owing to the hyperfine interaction each of the
electron-spin substates are split into hyperfine compo-
nents. Some of the hyperfine components exhibit avoided
crossings [see Fig. 1(c)].
The contribution of the mS = +1 sublevel and its hy-
perfine components can be plausibly ignored when cal-
culating the eigenvalues and eigenvectors of the mS = 0
and mS = −1 hyperfine components near the GSLAC
since the mS = +1 sublevel is separated from the other
two by an energy corresponding to 5740 MHz. After cal-
culating the eigenvalues and eigenvectors of the mS = 0
and mS = −1 submanifold, we added the states ψ7, ψ8,
and ψ9 [see (5)], which belong the the mS = +1 mani-
fold, unmixed in this approximation, to have a full set of
levels. Thus, we used a “truncated” Hamiltonian that in-
cludes only the electron spin sublevels with mS = 0 and
mS = −1 and the nuclear spin sublevels with mI = 0,±1,
to obtain approximate analytical solutions for the energy
levels and wave functions of the hyperfine states. The en-
ergies Ei of these components are
E1 = Q, (4a)
E2 = Dg +Q+A‖ − γeB, (4b)
E3 =
1
2
(
Dg +Q−A‖ − γeB −
√
4A2⊥ + (Dg +Q−A‖ − γeB)2
)
, (4c)
E4 =
1
2
(
Dg +Q−A‖ − γeB +
√
4A2⊥ + (Dg +Q−A‖ − γeB)2
)
, (4d)
E5 =
1
2
(
Dg +Q− γeB −
√
4A2⊥ + (Dg +Q− γeB)2
)
, (4e)
E6 =
1
2
(
Dg +Q− γeB +
√
4A2⊥ + (Dg +Q− γeB)2
)
, (4f)
E7 = Dg +Q+A‖ + γeB, (4g)
E8 = Dg +Q−A‖ + γeB, (4h)
E9 = Dg + γeB. (4i)
The wave functions can be written in the uncoupled basis |mS ,mI〉 as follows:
4|ψ1〉 = |0, 1〉, (5a)
|ψ2〉 = | − 1,−1〉, (5b)
|ψ3〉 = 1|α1| | − 1, 1〉 −
1
|α1|
(
κ1 +
√
κ21 + 1
)
|0, 0〉, (5c)
|ψ4〉 = 1|α1| | − 1, 1〉 −
1
|α1|
(
κ1 −
√
κ21 + 1
)
|0, 0〉, (5d)
|ψ5〉 = 1|α2| | − 1, 0〉 −
1
|α2|
(
κ2 +
√
κ22 + 1
)
|0,−1〉, (5e)
|ψ6〉 = 1|α2| | − 1, 0〉 −
1
|α2|
(
κ2 −
√
κ22 + 1
)
|0,−1〉, (5f)
|ψ7〉 = |1, 1〉, (5g)
|ψ8〉 = |1,−1〉, (5h)
|ψ9〉 = |1, 0〉, (5i)
where
κ1 =
Dg +Q−A‖ − γeB
2A⊥
, (6a)
κ2 =
Dg −Q− γeB
2A⊥
(6b)
and
|α1,2| =
√(
κ1,2 +
√
κ21,2 + 1
)2
+ 1. (7)
In the magnetic field some hyperfine levels become
mixed. Although the magnetic quantum numbers mS
and mI cease to be good quantum numbers as a result of
this mixing, their sum mS + mI still is preserved. Only
states with equal mS + mI interact. In particular, the
states ψ1 and ψ2 remain unmixed even in the strong mag-
netic field that corresponds to the GSLAC. The other
four states form two pairs of mixed states. One pair con-
sists of states ψ3 and ψ4, the other of states ψ5 and ψ6.
This information about the state mixing will be impor-
tant when we analyze which transitions are allowed and
which are forbidden when the magnetic field value is close
to 102.4 mT.
Magnetic-dipole transitions between various states can
be driven with an applied radio-frequency magnetic field.
The selection rules for these transitions are ∆mS = ±1
and ∆mI = 0 [27–29].
Having calculated the energy levels and wave functions
in (4) and (5), respectively, we now want to describe tran-
sitions between different states. We will consider only
transitions that change the electron spin state S in (2).
In order to describe electron spin transitions we must
add to the Hamiltonian a term to describe the interac-
tion with the microwave (MW) field. This term can be
constructed starting from the raising and lowering oper-
ators:
Sˆ± = Sˆx ± iSˆy, (8)
where Sˆx±iSˆy are the spin operators for S = 1. However,
we need a 9×9 matrix to describe the raising and lowering
of the electron spin S = 1 in a system that contains also
a nuclear spin I = 1. This operator S′± can be obtained
by taking the outer product with the three-dimensional
identity matrix 1(3) and folding in the matrix of wave
functions Ψ whose columns are the ground-state eigen-
vectors |φi〉. Then the interaction term can be written
as
Hˆ
(m)
INT =
ΩMW
2
(
Sˆ′+ + Sˆ
′
−
)
, (9)
where ΩMW is the Rabi frequency of the microwave radi-
ation at the given transition frequency. We thus obtain a
9×9 block-diagonal matrix of magnetic dipole transition
elements mij . From these transition matrix elements mij
the transition probabilities p′ij between levels i and j can
be obtained:
p′ij = m
′
ij ·m′ji . (10)
To obtain actual transition intensities tij we multiply the
transition probabilities by a term that takes into account
5the actual populations of each level, which depends on
the polarization of 14N. We describe this polarization
using the concept of “spin temperature” [30], which is
defined as
PmI (β) =
e−mI ·β
e−β
. (11)
Now the observed transition strengths will be the prod-
uct of the transition probability and a term that depends
on the populations of the levels involved in the transi-
tion. We define a matrix M whose dimensions match the
matrix of transition probabilities in (10), and whose el-
ements Mij =
√
PmiPmf [31], where mi is the nuclear
spin of the initial state in the transition and mf is the
nuclear spin of the final state. Now we multiply the terms
in (10) and M to obtain the transition intensities:
tij = p
′
ij ·Mij . (12)
We can then construct the calculated ODMR spectrum
in which the integral under the ODMR peak that corre-
sponds to the energy difference between levels i and j is
proportional to transition strength tij .
III. EXPERIMENTAL SET-UP
We measured ODMR signals from ensembles of NV
centers in a diamond sample produced by chemical vapor
deposition with a nitrogen concentration around 1 ppm.
The NV centers were irradiated with green 532 nm light
from a Nd:YAG laser (Coherent Verdi) and optically
polarized to the mS = 0 state while the luminescence
from the 3E state was monitored [see the transition dia-
gram in Fig. 1(a)]. Following the ODMR method, a mi-
crowave field was applied to induce transitions between
the ground-state sublevels. The NV centers’ electrons
were continuously pumped to the mS = 0 state. When
a MW field is on resonance with a transition from an
mS = 0 hyperfine component to an mS = ±1 hyperfine
component, the fluorescence intensity decreases.
Figure 2 shows the experimental setup. A custom-
made electromagnet was used with 200 turns wound on
a water-cooled copper mount. The electromagnet pro-
duced a field of 2.9 mT/A and could achieve magnetic
fields up to 103.5 mT. The diamond could be rotated
around the z-axis (NV axis). Moreover, the electro-
magnet could be moved with a computer-controlled 3D
translation stage (Thorlabs PT3-Z8) and a rotation stage
(Thorlabs NR360S, y-axis). In this way, all degrees of
freedom for centering the diamond in the magnet and
aligning the NV axis to the magnetic field were avail-
able. An accousto-optic modulator (AOM) in combi-
nation with a photodiode and a proportional-integral-
derivative (PID) controller served to stabilize the laser
intensity.
An SRS SG386 microwave generator provided mi-
crowave signals over the entire range in conjunction with
power amplifiers (Lambda RFLUPA0706GD at high fre-
quencies; Minicircuits ZHL-32A+ at low frequencies.)
Laser 
Lens
Diamond
Electromagnet
Dichroic 
mirror
Detector
Lens
MW wire
LensAOM + PID
X
Y
Z
FIG. 2: Experimental setup. Laser light was focused on the
sample with a lens, fluorescence was collected and measured
with a photodetector (Thorlabs APD410A/M). The diamond
sample is located at the center of the magnet bore. The ro-
tation axes of the sample and the electromagnet are depicted
with blue arrows.
IV. EXPERIMENTAL RESULTS AND
ANALYSIS
A. ODMR signals for transitions to the |mS = +1〉
sublevel
Figure 3 depicts ODMR signals for transitions in the
frequency range 5.6–5.9 GHz, where the MW field is res-
onant with transitions from the manifold of the mS = 0
and mS = −1 hyperfine levels, which are partially mixed,
to the mS = +1 hyperfine levels [see Fig. 1 (b)]. Exper-
imentally measured signals are depicted together with
curves obtained from a model calculation with some pa-
rameters obtained from a fitting procedure as explained
below. Figures 3 (a)–(c) depict magnetic sublevels at a
given magnetic field and indicate the allowed microwave
transitions as arrows. The wave functions |ψ1〉–|ψ9〉 are
given in Eq. (5). The bottom row [Fig. 3 (d)–(f)] shows
the experimental signals.
We used a parameter-optimization procedure based on
a χ2 test to determine the contribution of each transition
in Fig. 3 (a)–(c) to the overall lineshapes in Fig. 3 (d)–(i).
The reduced χ2 value is defined as χ2 = (1/N)Σ[(di −
fi)/σi]
2, where N are the number of points, the di are
the measured data points, the fi are the results of the
model, and the σi are the mean square errors on the
data points, which we set to unity here. To illustrate
the procedure, let us consider Fig. 3 (d). This signal
was recorded at a magnetic field value far away from the
GSLAC. As a result, the mixing of the sublevels is in-
significant, and a contribution to the signal is expected
only from the following three transitions: |0, 1〉 −→ |1, 1〉
(blue), |0,−1〉 −→ |1,−1〉 (purple), and |0, 0〉 −→ |1, 0〉
(green). In these transitions the nuclear spin projection
mI does not change. We assumed that each transition
has a Lorentzian lineshape centered at its respective tran-
sition frequency, which follows from the differences in
level energies in Eq. (4). The transition strengths for
these three transitions are equal, which is indicated by
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FIG. 3: ODMR signals at high microwave field frequencies. The top row (a)–(c) shows the transitions between respective
levels [Eqn. (5)]. The transition strength is indicated by the arrow width. In the bottom row (d)–(f), the black lines show
experimental signals, and the red lines in (d)–(f) show the results of the theoretical calculations with the parameters from
the fitting procedure described in the text. The vertical bars in (d)–(f) correspond to the transitions depicted by the arrows
in (a)–(c) of the same color, and their length determines the contribution to the overall lineshape of that transition, which is
proportional to the product of the level population and the transition strength.
the fact that all three arrows have the same width. Nev-
ertheless, the relative contributions (peak amplitudes) of
each transition may differ because of differences in the
populations of the three ground states involved: |0,+1〉,
|0, 0〉, and |0,−1〉, corresponding to the nuclear spin po-
larization of 14N.
Next we attempted to find the spin temperature β and
magnetic field value B that minimized the reduced χ2
value for the hypothesis that our theoretical model with
these parameters described the measured data. Far away
(> ±0.5 mT) from the GSLAC the magnetic field value
B in the fit was allowed to vary over a small range since
the position of the ODMR peak depends not only on B,
but also on the nuclear spin polarization, which affects
the contributions of transitions from the different nuclear
spin components and thus can shift the ODMR peak po-
sition. Aside from the immediate vicinity of the GSLAC,
the plot of ODMR peak position versus magnet coil cur-
rent showed that the polarization does not to change very
much with magnetic field over the range of 101.0 mT to
103.5 mT. Indeed, the fitted peak positions at each point
produced a straight line as a function of current in the
magnet coil that could be extrapolated through the re-
gion near the GSLAC point. In this way, a calibration
curve for B as a function of magnet current was obtained,
which was used to obtain the magnetic field value in the
region near the GSLAC, where only the spin temperature
was allowed to vary.
For each possible set of parameters β and B, we cal-
culated the corresponding populations of the eigenstates
in (5). We obtained the transition strengths from the
calculated eigenvalues of these states. The amplitude
of each transition peak is proportional to the product of
the transition strength and the population of the relevant
lower state—either ms = −1 or ms = 0 (the ms = +1
states are assumed to be “empty”). Then we used the
SciPy optimize function [32] to determine the widths of
the Lorentzians corresponding to each of the peaks, each
one of which corresponds to a component of the hyperfine
transition. This step was important because the width of
the Lorentzians for our sample is around 1 MHz, and the
peaks of nearby hyperfine components partially overlap.
We assumed that all hyperfine components at a particu-
lar field strength had the same width. At the GSLAC the
width of the Lorentzians increases due to increased relax-
ation rates arising from increased interaction between the
7hyperfine levels [17].
We calculated the reduced χ2 value using this set of
parameters. We repeated the procedure for the next set
of parameters and stored those that yielded the small-
est reduced χ2 value. The peak amplitudes thus ob-
tained are shown as the length of the colored bars in
the Fig. 3 (d). The color of each bar corresponds to the
color of the arrow that represent the corresponding tran-
sition in Fig. 3 (a). We proceeded in a similar fashion for
all subfigures. Near the GSLAC, there are more possible
transitions that must be considered as a result of hyper-
fine level mixing [which follows from Eqn. (5)–(7)]. The
number of possible transitions and their relative transi-
tion strengths are indicated by the number of arrows in
Fig. 3 (b) and their widths.
B. ODMR signals for the |mS = 0〉 −→ |mS = −1〉
transition
We also measured ODMR signals for the |mS =
0〉 −→ |mS = −1〉 transition within ±1.5 mT of the
GSLAC, which corresponds to microwave frequencies be-
low 40 MHz, and some results are shown in Fig. 4. Ex-
perimentally measured signals are plotted together with
signals from a model calculation using parameters that
were obtained in a similar way as in Sec. IV A The top
row (a)–(c) shows the magnetic-sublevel structure in a
particular magnetic field with the allowed transitions de-
picted by arrows whose width indicates the relative tran-
sition strength. The bottom row (d)–(f) shows the mea-
sured signals. Again, above and below the GSLAC, the
signals consist of three components, which correspond to
the allowed transitions between hyperfine levels that are
weakly mixed in the magnetic field, but at the GSLAC,
there is strong mixing and more transitions must be taken
into account, as indicated by the number of arrows in
Fig. 4 (b). Above and below the GSLAC, the agreement
between measured and calculated curves is quite good.
However, right near the GSLAC there are some discrep-
ancies in the amplitudes of the peaks. Possible reasons
for the discrepancies might be inhomogeneities in the mi-
crowave power, in the diamond crystal lattice or in the
magnetic field, or interactions with other nearby spins,
such as P1 centers or 13C nuclei. We consider the effect
of 13C nuclei in Sec. IV D.
Figures 5(a) and (b) show in more detail ODMR sig-
nals measured near the GSLAC for the |mS = 0〉 −→
|mS = −1〉 transition, and Fig. 5(c) shows signals mea-
sured for the |mS = 0〉 −→ |mS = +1〉 transition. The
black curve shows the experimentally measured signals,
while the red curve represents the result of the theoretical
model calculation with parameters obtained by the same
fitting procedure as described in connection with Figs. 3
and 4. The percentages to the right of each frame show
the actual ODMR contrast measured at that magnetic
field value as given in Fig. 6. The curves plotted here are
normalized, although the curve with a contrast of 0.45%
has in reality twice the amplitude as the curve with a
contrast of 0.23%. Again, the nuclear spin populations
and peak widths within ±0.5 mT of the GSLAC were
taken from the values obtained for the high-frequency
case at the same magnetic field value. Everywhere else
the parameter optimization procedure was used as de-
scribed in Sec. IV A. The experimental data in Fig. 5(a)
and Fig. 5(b) are identical, but for the calculated curves,
the NV axis and the magnetic field vector were assumed
to be parallel in the former case, whereas in the latter,
an angle θ = 0.015 degrees between the NV axis and the
magnetic field direction was assumed. This angle was
found to give the best overall agreement between the ex-
perimentally measured values and the curves obtained
from the model calculations with parameter fitting. In
fact, it is difficult to align the magnetic field perfectly
with the NV axis in the experiment. The signals in Fig. 3
are relatively insensitive to small misalignment angles,
which is why they were not plotted.
In all these experimentally measured signals, the over-
all peak intensities were normalized separately for each
magnetic field value, because at the GSLAC, the con-
trast of the signals decreased strongly, as shown in Fig. 5.
The decrease in contrast near the GSLAC is caused by
energy level mixing, which redistributes the population
between the |mS = 0〉 and the |mS = −1〉 levels. As a
consequence, the T1 time is drastically reduced, and so
there are fewer NV centers in the ground state available
for MW transitions. The vertical bars depict calculated
ODMR peak positions and relative intensities. It can
be seen that below and above the GSLAC the measured
and calculated signals agree rather well. However, right
at the GSLAC the agreement is not as good.
C. Nuclear spin polarization
The peak amplitudes from the fit in Fig. 4(d)–(f),
Fig. 5, and Fig. 3 (d)–(f) contain information about the
relative populations of the ground-state hyperfine lev-
els and thus the nuclear spin polarization [21, 25, 33–
39]. Nuclear spin polarization arises from an interplay
of optical pumping and sublevel mixing. For example,
Fig. 1 (c) shows how the |mS = 0,mI = −1〉 sublevel
is mixed with the |mS = −1,mI = 0〉 sublevel near
the GSLAC, where they are nearly degenerate. Optical
pumping in this situation tends to move population from
the |mS = 0,mI = −1〉 sublevel to the |mS = 0,mI = 0〉
sublevel via the |mS = −1,mI = 0〉 sublevel. In a similar
way, because of the mixing between |mS = 0,mI = 0〉
sublevel and the |mS = −1,mI = +1〉 sublevel, popu-
lation moves from the |mS = 0,mI = 0〉 sublevel to the
|mS = 0,mI = +1〉 sublevel via the |mS = −1,mI = +1〉
sublevel. However, the |mS = 0,mI = +1〉 sublevel is not
mixed with any sublevel, and so the population accumu-
lates in this state.
Besides spin temperature, another way to characterize
the nuclear spin polarization is based on multipole ex-
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FIG. 4: ODMR signals at low microwave field frequencies. The top row (a)–(c) shows the transitions between respective
levels [Eqn. (5)]. The transition strength is indicated by the arrow width. In the bottom row (d)–(f), the black lines show
experimental signals and the red lines in (d)–(f) show the results of the theoretical calculations with the parameters from the
fitting procedure described in the text. The dashed red line in (e) shows the calculated signal for an angle between the NV axis
and the magnetic field B of θ = 0.015◦. In (d) and (f) there is no noticeable difference between calculated signals for θ = 0◦
and θ = 0.015◦
pansion [40], in which the rank-zero multipole moment
(monopole ρ00) corresponds to population, the rank-one
moment (dipole moment ρ10), to orientation, and the sec-
ond rank moment (quadrupole moment ρ20), to align-
ment. In absence of processes that create coherences
between different spin components in our system, only
longitudinal (along the magnetic field direction) ρ10 and
ρ20 spin polarization components are created.
Based on the component intensities, orientation would
be calculated as
P 10 =
ρ10
ρ00
=
√
3
2
n01 − n0−1
n01 + n00 + n0−1
, (13)
where nmSmI corresponds to the integral under the cal-
culated curve that makes up all transitions from level
|mSmI〉 (5), and we assume that the mS = +1 hyperfine
levels are “empty”.
Alignment can be calculated in a similar way as
P 20 =
ρ20
ρ00
=
√
1
2
n01 + n0−1 − 2n00
n01 + n00 + n0−1
. (14)
Figure 7 shows the degree of spin polarization as a
function of magnetic field. The populations of the nu-
clear spin components were obtained from the peak am-
plitudes obtained by the parameter fitting procedure de-
scribed in Sec. IV A, and then the orientation and align-
ment were calculated using Eqs. (13) and (14), respec-
tively. The data for this procedure are shown in Fig. 3,
supplemented by similar measurements at many more
magnetic-field values. The population of each nuclear
spin component is proportional to the integral under the
corresponding calculated curve divided by the transition
strength. The region at the center shaded in gray in
Fig. 7 indicates the magnetic field values for which an
additional peak poorly described by the model [see, for
example, Fig. 3(e)] complicates the optimization proce-
dure, and makes it difficult to guarantee that the polar-
ization value obtained from this procedure fully describes
the true polarization. The polarization values extracted
by our method are plotted in this region as well, but they
should be taken with caution. Both figures show nuclear
spin polarization near the GSLAC with a minimum at the
GSLAC position. In principle, the polarization should
vanish far away from the GSLAC where there is no hy-
perfine level mixing [25]. However, we did not observe
this behavior over the measured range of magnetic field
values.
9FIG. 5: Experimental signals (black) with theoretical calculations (red) for ground state mS = 0 −→ mS = −1 microwave
transitions for different magnetic-field values. Experimental signal with the calculated signal for an angle between the NV axis
and the magnetic field B of (a) θ = 0◦ and (b) θ = 0.015◦ (transverse magnetic field 0.025 mT). (c) Experimental signal with
the calculated signal at θ = 0◦ for ground state mS = 0 −→ mS = +1 microwave transitions for different magnetic-field values.
Bars with black dots on one end are placed at the values of the transition frequencies for a specific magnetic-field value, and
their length represents the calculated transition probability. For better readability, signals are arranged in order of descending
magnetic field, and each curve is normalized separately with its relative intensity depicted at the right side of the graph (see
Fig. 6 for details). The grey lines show how the energy and the intensity of the transitions change in the magnetic field.
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FIG. 6: ODMR signal contrast for different magnetic field
values. The line is drawn using locally weighted scatter plot
smoothing. The image shows how the ODMR signal contrast
changes close to the GSLAC region, black dots mS = 0 −→
mS = −1 transition (Fig. 5(a) and (b)), red squares mS =
0 −→ mS = +1 transition (Fig. 5(c)).
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FIG. 7: Nuclear 14N spin orientation (black dots) and align-
ment (red squares) obtained for the ground state mS =
0 −→ mS = +1 transition from the integral under the fit-
ted transition peaks. The solid lines are drawn using locally
weighted scatter plot smoothing. The gray, shaded region
corresponds to the magnetic field range in which we cannot
be certain about the polarization value because an additional
peak poorly described by the model interferes with the opti-
mization procedure.
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D. Influence of 13C Nuclei
We now consider the interaction of our system with a
collection of nearby 13C nuclei labeled by the index j.
The interaction between the NV center and these nuclei
is described by the Hamiltonian[41]:
HNV+13C = Σj
(
Sˆ ·A′C13,j · Jˆj + Hˆ13Cj
)
, (15)
where Jˆj labels the nuclear spin of the j-th
13C nucleus
and Hˆ13Cj = γ13CB · Jˆj is the Hamiltonian correspond-
ing to the j-th 13C nucleus. The tensor AˆC13,j has the
same form as Aˆ in eq. (3). For the case of a 13C nu-
cleus in one of the three lattice positions next to the
vacancy, AˆC13,j=1, A⊥ = Axx = Ayy = 121.1 MHz and
A‖ = Azz = 199.21 MHz [37]. We follow a procedure sim-
ilar to the one outlined by Nizovtsev et al. [41] to rotate
this tensor into from the principal coordinate axes of the
carbon nucleus to the coordinate system of the NV cen-
ter with the Z-axis parallel to the [111] crystal direction.
The rotation takes the form of Aˆ′ = Uˆ AˆUˆT , where Uˆ is
the rotation matrix about the x-axis by an angle cos(zZ)
that rotates the z-axis in the frame of the carbon nucleus
into the frame of the [111] crystal direction.
The principal values of the tensor AˆC13,j that cor-
responds to other lattice positions besides the near-
est neighbors were taken from density functional theory
(DFT) calculations performed by Gali et al. [42]. The
lattice positions can be classified according to families of
lattice points that have the same tensor values [38] (see
Fig. 4 and Table 1 in that publication, which also gives
the multiplicities of each family.) The value of | cos(zZ)|
of the angle between the z-axis of the carbon nucleus’s
principal axis and the NV axis were taken from the re-
sults of another DFT calculation performed by Nizovtsev
et al. [43]. We took into account the nearest neighbors of
the vacancy site as well as families A through H, which
corresponds to 39 lattice sites. Other lattice sites have
significantly less influence.
Next we use a Monte Carlo method to average sce-
narios where 13C atoms are located in different lattice
sites. For each iteration, we loop through the 39 lattice
sites, each of which has a 1.1% probability of hosting a
13C atom. Those that contain a 13C atom are added to
the Hamiltonian in (15) with the values of the hyperfine
tensor as described in the previous paragraph. The num-
ber of energy levels of the system Nlevels follow from the
eigenvalues and eigenvectors of Eq. (2), and it depends on
the number NC13 of
13C atoms as Nlevels = 3×3×2NC13 .
The spectrum generated depends on the locations of the
13C atoms, which can differ from iteration to iteration.
Thus, several hundred iterations are averaged to take into
account that each NV center contributing to our signal
has a different arrangement of 13C atoms in its vicinity.
The results of the model calculations with 13C are
shown in Fig. 8 for the mS = 0 −→ mS = +1 transition
and in Fig. 9 for the mS = 0 −→ mS = −1 transition. In
both figures, the blue curves show the calculations with-
out the 13C interaction, whereas the red curves include
the interaction with nearby 13C nuclei. One can see that
the inclusion of the 13C interaction slightly improves the
agreement with the calculations. Nevertheless, discrep-
ancies remain, which might require the inclusion of more
terms in the Hamiltonian, such as nearby P1 centers,
which is outside the scope of this study.
The addition of 13C nuclei in the Hamiltonian [see
Eq. (2)] allows for additional transitions to appear in the
calculated signals. These new transitions are most ap-
parent in describing the shoulder to the right of the main
peak in the top three and bottom two panels of Fig. 9, as
well as to the left of the main peak in the top two panels.
Without the inclusion of 13C nuclei in the model, these
shoulders cannot be described. A similar effect can be ob-
served in Fig. 8, but not as dramatically. The influence
of 13C nuclei allows otherwise forbidden transitions be-
cause the majority of them are off-axis, which effectively
changes the angular momentum selection rules [44]. The
gray curve in Fig. 8 corresponds to the |0, 1〉 −→ |1, 0〉
transition, which generally appears in the experimentally
measured signals, but is not so pronounced in either of
the theoretical models, although the model that includes
13C hints at it far away from the GSLAC position.
In some cases there remain significant discrepancies be-
tween the model and the experiment, even far from the
GSLAC position. For example, the gray curve in Fig. 9
tracks the nominal |0, 1〉 −→ |0, 0〉 transition. This tran-
sition corresponds to a strong peak in the experimentally
measured signals; this peak appears also in the calcula-
tion, but is so weak that it cannot be distinguished at
the magnification shown in the figure.
We conclude that the influence of 13C reveals impor-
tant aspects of the underlying physics and influences the
strengths of the transitions that can take place, but fails
to explain other significant aspects of the measured sig-
nals. Perhaps more detailed calculations that take into
account the spin dynamics could reproduce the ODMR
spectra more accurately.
We also note that there is a peak that appears in a
number of the figures just to the right of the main peaks
that cannot be explained by the model. Interestingly, this
peak tracks the |0, 1〉 −→ |1, 0〉 transition as is shown by
the gray line in Fig. 8. This transition should not occur
according to Eq. (10). However, the measurements sug-
gest that some interaction (possibly off-axis 13C as well)
causes this transition to occur. Thus, a search for this in-
teraction should also be considered in future theoretical
work.
V. CONCLUSIONS
In this work we have studied microwave-induced tran-
sitions between the hyperfine components of the 3A2
ground-state sublevels of the NV center in diamond using
the ODMR technique in a sample with a nitrogen concen-
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FIG. 8: Experimental signals (black) with theoretical calcula-
tions including the effects of 13C(red) [see (15)] and without
the effects of 13C (blue) for the ground state mS = 0 −→
mS = +1 microwave transitions for different magnetic-field
values. The grey line tracks the position of the nominal
|0, 1〉 −→ |1, 0〉 transition.
tration of 1 ppm. We have developed a straightforward
theoretical model to describe these ODMR signals. The
model describes the ODMR signals for magnetic field val-
ues in the vicinity of the GSLAC as well as away from
it. Including the effects of nearby 13C nuclei significantly
improves the agreement between the model and the ex-
perimentally measured signals. The theoretical model
allows to track |0, 1〉 −→ |0, 0〉 and |0, 1〉 −→ |1, 0〉 tran-
FIG. 9: Experimental signals (black) with theoretical calcula-
tions including the effects of 13C(red) [see (15)] and without
the effects of 13C (blue) for the ground state mS = 0 −→
mS = −1 microwave transitions for different magnetic-field
values. The grey line tracks the position of the nominal
|0, 1〉 −→ |0, 0〉 transition.
sitions enabled by the hyperfine level mixing. Within 0.5
mT of the GSLAC, the experimentally measured ODMR
spectrum becomes rather complicated with some features
that we have not been able to describe fully, although
the general features are reproduced. Further investiga-
tion will be needed to find the interactions responsible for
all these features. Nevertheless, the model can be used
to estimate the nuclear spin polarization of 14N, which
we have demonstrated in this study. We have performed
12
ODMR measurements on the |mS = 0〉 −→ |mS = −1〉
transition as well as on the |mS = 0〉 −→ |mS = +1〉
transition. The latter transition is somewhat simpler,
since the |mS = +1〉 level is not involved in the hyperfine
level mixing and anticrossing and thus serves as a useful
cross-check to test the adequacy of the theoretical model.
The ODMR technique has proven to be a useful tool for
investigating how the hyperfine interaction influences the
energy-level structure near the GSLAC and, with further
improvements to the theoretical model, could shed more
light on additional interactions and the process of nuclear
polarization near the GSLAC. The results of this work
will be used in the ongoing efforts to model and optimize
NV-diamond based microwave-free sensors, in particular,
magnetometers [3, 4].
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